Microposts are utilized to enhance heat transfer, adsorption/desorption, and surface chemical reactions. In a previous study [Yeom et al., J. Micromech. Microeng., 19, p. 065025 (2009)], based in part on an experimental study, an analytical expression was developed to predict the pressure drop across a microchannel filled with arrays of posts with the goal of fabricating more efficient micro-total analysis systems (mTAS) devices for a given pumping power. In particular, a key figure of merit for the design of micropost-filled reactors, based on the flow resistance models was reported thus providing engineers with a design rule to develop efficient mTAS devices. The study did not include the effects of the walls bounding the microposts. In this paper, a three-dimensional computational fluid dynamics model is used to include the effects of three-dimensionality brought about by the walls of the mTAS devices that bound the microposted structures. In addition, posts of smaller size that could not be fabricated for the experiments were also included. It is found that the two-and three-dimensional effects depend on values of the aspect ratio and the blockage ratios. The Reynolds number considered in the experiment that ranged from 1 to 10 was extended to 300 to help determine the range of Re for which the FOM model is applicable. [DOI: 10.1115/1.4004217]
Introduction
Micropost-filled reactors are commonly found in many micrototal analysis system applications because of their large surface area for the surrounding volume. Optimal fabrication of such devices by increasing the arrays of posts with smaller diameters and spacing will optimize the microreactor for larger surface area for a given flow resistance, at least until Knudsen flow begins to dominate. Applications of such packaging technology also extends to microheat exchangers. Flow across arrays of cylinders has been studied extensively for macroscale devices. Many of the studies considered the development of empirical models for flow across tubes to predict the relationships between friction factor and pressure drop [2] [3] [4] [5] [6] [7] . Most models studied were for flows in the regime of transitional to turbulent flow. Analytical expressions for the flow resistance across arrays of cylindrical posts for low Reynolds (Re) number flows have been proposed by many researchers, identifying the distance between adjacent posts and the diameter of each post as important geometric parameters [8] . However, little experimental verification has been reported with regard to these models especially in the microchannel context. In a recent study, a test array of microscale posts inside a microchannel were fabricated to simulate components within microreactors, micro heat exchangers, and mTAS [9] [10] [11] . Later, several independent models from the literature were combined to predict the pressure drop across micropost-filled channels for low Re flows and compared with experiments for a wide range of geometrical configurations [1] . Analytical expressions to predict the pressure drop across a microchannel filled with arrays of posts were developed, and expressed as a dimensionless drag per unit length, b D: In that study, it was reported that a key figure of merit (FOM) for the performance of the micropost-filled preconcentrator minimizes the pressure drop while maximizing the surface-area-to-volume ratio for a given overall channel geometry. FOM for the design of micropost-filled reactors, based on the flow resistance models was reported thus providing engineers with a design rule to fabricate more efficient mTAS devices for a fixed pumping power. All the models were for a Stokes' type flow, where the drag per cylinder is directly proportional to the product of the upstream velocity and the viscosity of the fluid. The drag that was exerted on each cylinder was found only to be a function of the blockage ratio b which is the ratio of a; the radius of each post, to s; the half-spacing between two adjacent posts. The finding, was also experimentally, validated using the pressure drop measurements.
The majority of computational studies to date concern the fluid and thermal transport phenomena for pin fin heat sinks, both for external and internal flows within ducted enclosures, and flow and thermal analysis between in-line array fins and staggered array fins [12] . Dvinsky et al. [13] performed a numerical study to compare the thermal performance between staggered and in-line pin fin heat sinks. They showed for a fixed pumping power, there was little difference in thermal performance for a fully shrouded inline or staggered heat sink. Kosar et al. [14, 15] showed that available large-scale correlations do not adequately predict the pressure drop obtained at the microscale. They also showed that for pins in the micron range, the pressure drop for a fixed flow rate and diameter was higher for the staggered versus the in-line array for low Re but that the difference is significantly smaller as Re is increased. The study, however, did not address pumping power. In this computational model, only the in-line array of micropost is considered for the design of the mTAS. Figure 1 (a) depicts the microchannel filled with an N by M array of microposts (N refers to the number of posts in a row and M to the number of posts in a column). An SEM image of exemplary Si micropost arrays used in the experiment [1] is shown in Fig. 1(b) , and optical microscope images for various b and N is shown in Fig. 1(c) .
Background
Each Si die is etched to a uniform depth of about 200 lm and bonded with a 1 mm thick microscope slide that had been cut the same size as Si die. A thermally curable epoxy-based adhesive is transferred to a Si die via contact printing [1, [16] [17] [18] , and a glass top is then pressed down onto the adhesive-coated Si die on a 130 C hotplate for a gas-tight seal. Figure 2 shows an example of a part of the mTAS device, a microchannel filled with microscale posts, which can be viewed as a square array of circular cylinders bounded by the channel geometry.
A representative scanning electron microscopy (SEM) image of the mTAS is shown in Fig. 2(a) , and the corresponding unit cell of the fluid volume to be analyzed is shown in Fig. 2(b) . Each post has a radius of a, a half-spacing of s, and a height of H. The regime of the flow in the device can be determined by examining the Reynolds number, Re ¼ qVL c /l, where q is the density of a fluid, V the velocity of a fluid, L c the characteristic length, and l the dynamic viscosity of the fluid. In this study, the thermodynamic properties q and l are assumed constant; while the velocity V and the characteristic length L c , can change over the domain. In this paper, the hydraulic diameter, D h ; based on the inlet crosssectional area is used as the length scale.
The choice of the reference velocity is [1]
where U is the velocity of an unrestricted flow (or upstream velocity). The Reynolds numbers calculated using the reference velocity given in Eq. (1) has been widely used for Re higher than 1000 to study both the flow and heat transfer. For smaller Re, U, the upstream velocity is used. For typical flow conditions in the mTAS device (0.1-10 sccm of N2 flow), the Reynolds number ranges from 0.05 to 5, thus making U the appropriate velocity scale. The effect of b along with different channel aspect ratio AR 0 ¼ H=W was studied to determine the validity of the 1-and 2D analytical solutions. In the limit as AR 0 approaches infinity, 3D modeling will not be needed. Another key dimensionless parameter in this analysis is the Knudsen number K n ð Þ; the ratio of the mean free path of a gas medium to the characteristic length. Under atmospheric pressure and room temperature, the mean free path of N2 (which is the choice of gas in the experiment and corresponding CFD model) is around 65 nm while the characteristic length in the arrays of posts is in the order of 10 lm. Therefore, the resulting K n ð Þ; is smaller than 0.01, in which the continuum assumption is in effect [1] .
Typically, fluid flow through arrays of posted structures is three-dimensional, and the computation can be CPU intensive. In the model developed in Ref. [1] and is outlined in the following, the third dimension (transverse direction) is ignored by assuming that the side enclosure of the system has little effect on the flow field. As the limit of AR 0 approaches infinity (infinitely long posts), the effect of the normal direction in the flow field can be ignored. For such a case, in order to derive an analytical normalized drag per unit length, a two-dimensional low Reynolds number flow past a square array of circular cylinders can be considered. A few analytical solutions to this low Reynolds number flow transverse to a unit cell (see Fig. 1 (b)) are available in the literature [13, 14] . 
Three-Dimensional CFD Model
In order to compare the pressure drop data collected in an array of microposts with the theoretical models of the drag force experienced by each post, a relationship needs to be established between the two. The pressure drop across each row in the array, DP row ; is assumed to be uniform and thus related to the total corrected pressure drop as DP row ¼ DP corrected =M; where the corrected pressure drop, DP corrected ; is the total pressure drop with the posts less the pressure drop in the same channel without the posts. For creeping flow, the pressure scales with inlet velocity, DPlU; and consequently DP row and from the geometric identity, W ¼ 2 s N, the normalized drag per unit length, D=lU; is given, respectively, by [12] 
Since a large value of b means that the array of cylinders is closely spaced, the viscous flow around adjacent cylinders, dominates over inertia on the pressure drop. As suggested in Ref. [1] , a key figure of merit (FOM) for the performance of the micropostfilled preconcentrator is to minimize the pressure drop while maximizing the surface-area-to-volume ratio, SA=V; for a given overall channel geometry. The FOM parameter helps identify the maximum area that may be used without expending too much energy for the lTAS system. This parameter helps identify the maximum area that may be used without expending too much energy for the mTAS system. Maximizing SA=V; allows more molecules to be adsorbed to the micropost and increases the gain of the system. In this study, the range of applicability of the FOM with its dependence on Re is studied; expanding from the experimental study. It is shown later that D=lU is independent of Re < 100, which leads to the FOM being independent of flow rate up to Re ¼ 100.
and
As shown in Eq. (5), the optimal design of the microposts will be achieved if b is chosen for the FOM to be a maximum for any given N.
For all the models, the width (W) of the channel is fixed to be 2000 lm, the viscosity (l) for N 2 is 1.85 Â 10 À5 Nm/s, and AR o is fixed as 0.1 (while AR o is fixed in the experiment, it will be varied in the CFD models). The upstream velocity (U) is deduced from the flow rate and knowledge of the inlet area.
As discussed earlier in the previous study [1] , the 2D analysis assumes that the enclosure of the system has no effect on the velocity field and corresponding pressure drop. In this paper, a threedimensional CFD study of the microposts examines the effects of the parameter b on the pressure drop of the system. There are mainly two parameters that affect the three-dimensionality of the flow field; the top and bottom enclosures of the cell and the effect of the gap size. The flow was assumed to be symmetric in the transverse direction and accordingly only one row of posts was considered. Two models are considered in this study: (i) the half-channel model in which all the posts in the flow direction are included and (ii) the periodic model in which only one post is considered based on the assumption that the flow is periodic (see Figs. 3(a)-3(c) ).
If applicable, the advantage of using the periodic model is a significant saving in computational time. The flow conditions in the simulation are chosen to compare with the experimental setup with N 2 as the working fluid. The boundary conditions are an inlet flow rate of 10 sccm, symmetrical conditions on the boundary faces in the transverse direction and at the exit zero gradients for all velocities and a uniform pressure field. The channel width, W ¼ 2 mm, is used with 40 posts per row (N ¼ 40) resulting in a half-channel width of 25 lm. For the full model, the length of the channel is set to 2400 lm, slightly longer than the actual channel length (2000 lm) to simulate the fully developed conditions at the outlet. After a careful mesh sensitivity analysis, a periodic model with 3,500,000 cells was chosen. The number of elements was varied to be higher or lower than this value depending on a higher or lower aspect ratio, respectively. The full model in this paper consisted of nine posts while the periodic model is just one post. Accordingly, the periodic model was found to be better than 10Â faster computationally than the full model.
Results and Discussion
The first simulations were done for a channel aspect ratio of 0.1 and b value of 0.65 to validate the accuracy of the numerical results as compared to the experimental data. As stated earlier, the upstream velocity is 0.41 m/s for 10 sccm. The maximum velocity occurs between the gaps of the posts and is approximately 1.65 m/s as the fluid accelerates through the gap between the posts and then decelerates downstream of the posts. Figure 4 also shows the repetitiveness of the velocity distributions after the first post.
The periodicity of the flow is best shown in Fig. 5 , which shows a plot of the pressure drop across each post for the first four posts for the half-channel model.
As can be seen, the difference in pressure drop across each post remains the same after the second post. The pressure drop across the first post differs from those across the next few posts due to entrance effects. Neglecting entrance effects, and especially as the number of posts in the flow direction is much greater than 5, it was concluded that a periodic boundary condition is appropriate for this problem. For periodic boundary conditions, the program 
where p 0 x; y; z ð Þis the periodic part of the pressure drop and x is considered as the periodic flow direction. A user specifies an initial guess for the pressure gradient a; which is then computed iteratively as a constant pressure gradient that insures a flow consistent with the prescribed mass flow rate.
A mesh sensitivity analysis was performed until a difference of 0.5% was reflected as the difference between overall pressure drop (a). The number of elements used for an aspect ratio of 0.1 was 3.5 million. In Gambit, a boundary layer mesh was used adjacent to the post and the top and bottom wall. A view perpendicular to the post walls is shown in Fig. 6 . For models with varying aspect ratios, the number of elements in the z direction (parallel to the posts) was varied proportional to the channel aspect ratio. Figure 7 shows the relevance of the velocity field for each direction. It shows the magnitude of the maximum velocity components in each direction in the gap of the post (the maximum absolute scalar velocities (u, v, w) for the x, y, and z directions). It also shows the ratio of the u velocity to both v and w. This ratio was calculated to show the significance of each scalar velocity for each b. The plot shows that from low to high b values, the velocity component w is insignificant compared to the scalar velocities u and v. As can be observed, the u velocity ranges from 27 to 60 times larger than the z-velocity component w. It can be concluded that for AR o ¼ 0.1, the flow can be approximated as two-dimensional in the flow and transverse directions (x and y). At low b values, the velocity in the flow direction is about 2.5 times larger than the transverse direction v. At higher b values, the flow velocity becomes much more significant than the transverse direction. At a ratio of 0.8, the flow velocity is an order of magnitude larger than the transverse velocity. It can be observed that as the b ratio approaches one, the flow field can be approximated as onedimensional.
For the conditions given for the experiment, the flow field is either one-or two-dimensional depending on the range of b ratios considered. It will be shown later that for lower AR, the flow converges to a two-or three-dimensional flow depending on the range of b value used. The effect of smaller gaps (i.e., larger b values) is shown in Fig. 8 . The phenomena can be explained by the fact that the velocity field does not have much chance to accelerate in the transverse direction. The flow field is constrained to flow and accelerate only in the axial direction because the gap becomes too small for any viable acceleration to occur in any other direction.
This flow constraint leads to a smaller pressure variation in the transverse direction as shown in Figs. 8(a)-8(c) as the b ratio increases. Thus, at b ¼ 0.90, the pressure drop does not show a strong dependency in z, as shown in Fig. 8(c) . As explained earlier, this is consistent with the trend that as b ! 1; the flow field goes from a 2D to a 1D flow. Figure 9 shows a plot of the numerical and experimental normalized drag per unit length as a function of b for AR o ¼ 0:1: The plot shows that the normalized drag increases nonlinearly as a function of b. As can be seen, the numerical results are within the margin of error of the experimental data.
Due to the fabrication challenges faced when etching very small diameter posts to high-aspect-ratio structures [1] , data from samples with b < 0.2 are unavailable experimentally. Figure 10 shows the normalized drag per unit length as a function of flow rate with b as a parameter. For the flow rates considered (extended to 0.1 heretofore not available experimentally), it clearly indicates that D/lU is not a function of the flow rate for a given b indicating that the flow is of Stokes' type consistent with the previous study [1] consistent with the previous study [1] . Fig. 4 The vector plot shown above is the half-channel model. The inlet is shown on the left of the domain where the axis is located. As can be observed, the velocity field is repetitive which led to analyzing the system as a periodic model. The figure of merit as defined in Ref. [1] is shown in Fig. 11 . For a given b, the FOM increases as N increases, as the normalized drag has been shown to be independent of the flow rate for a given b in Fig. 11 .
The FOM, however, decreases exponentially with b for a given N as the drag increases with b for a given N. There is an N above which there is an optimal range of b that results in the highest FOM. As mentioned earlier, for the experimental case in which AR o ¼ 0.1, it was determined that the three-dimensional effect was absent from the flow field at any blockage ratio.
The next set of simulations was done to try and find what effect AR o had on the flow field. Figure 12 shows the effect of AR o on b D for b ¼ 0.562. The flow field with b ¼ 0.562 and AR o ¼ 0.1 was found to be a two-dimensional flow problem. Six different aspect ratios were studied and compared to the aspect ratio done for the experimental measurements (AR o ¼ 0.1). The aspect ratios studied were either a factor of 2, 4, and 8 smaller or greater than the experimental aspect ratio. The plot shows that any aspect ratio greater than 0.1 proved to not change value of b D: As the aspect ratio decreased, the normalized drag increased by over a factor of 5. This trend shows that as the aspect ratio is decreased, the flow changes from two-to a three-dimensional problem where the effect of the confining walls can not be ignored. Fig. 12 The effect of aspect ratios have over the normalized drag per unit length b 5 0.562. As the aspect ratio decreased, the normalized drag increased by over a factor of 5. This trend shows that as the aspect drops below 0.1, the effect of the walls need to be considered.
Finally, in Fig. 13 , the pressure drop per unit cell for a fixed b as a function of Re is shown for two different heights. The data was extended an order of magnitude higher than that considered in the experiment to investigate the Re range for which the Stokes model is viable. The ratio of the pressure drops between the case for H ¼ 100 and H ¼ 200 for the same Re is given by the ratio of the inlet velocities in the Stokes' regime (Re < 100). Since the hydraulic diameter is smaller for the shorter post, for the same Re, the inlet velocity is higher for the shorter post.
As shown in Fig. 13 , the pressure drop for the shorter post is higher. As shown in Fig. 13 , a diverging difference between the two pressure drops as the Re number of the flow increases. This study then extends the range of applicability of the FOM developed in Ref. [1] and conversely establishes the Re for which inertial forces starts to dominate.
Conclusion
A three-dimensional computational fluid dynamics (CFD) model is used to include the effects of three-dimensionality brought about by the walls of the mTAS device that bound the microposted structures heretofore not considered in the previous experimental study. The experimental and numerical data agree well for all ranges of b above 0.1. Experimental data are not available below 0.2 of b due to the fabrication challenges. The CFD model agrees with experimental data to within the uncertainty in the data. The velocity vector plots showed that there is always an enclosure effect from the no slip condition. However, it was observed from the pressure plots that at high b ratios, the flow in the transverse direction can be considered negligible. The flow field of the system is seen to vary from 3D to 2D flow as b increases in value and eventually 2D to 1D at very high b values. In this paper, the previous experimental work was extended by including the effect of the channel aspect ratio. Six different aspect ratios were studied and compared to the aspect ratio done for the experimental measurements AR o ¼ 0.1). It was shown that any aspect ratio greater than 0.1 proved to not change value of the dimensionless drag. As the aspect ratio decreased, the normalized drag increased significantly up to a factor of 5 for the cases considered. This trend shows that as the aspect ratio drops below 0.1, the effect of the confining walls cannot be ignored. The Reynolds number considered in the experiment [1] was extended to 300 and it was found that the model developed in Ref. [1] is applicable for Re up to 100 thus extending the range of applicability of the FOM developed in Ref. [1] . Fig. 13 The pressure drop per unit cell versus Reynolds number for a fixed b. The flow stops behaving as Stokes' type for Re > 100.
